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A B S T R A C T
The volcanic fingerprint on the winter North Atlantic atmospheric circulation and climate is analyzed in six
ensemble runs of ECHAM5/MPI-OM covering 800–2000 CE, both for equatorial and Northern Hemisphere (NH)
eruptions. Large volcanic eruptions influence climate on both annual and decadal time scales due to dynamic
interactions of different climate components in the Earth's system. It is well known that the North Atlantic
Oscillation (NAO) tends to shift towards its positive phase during winter in the first 1–2 years after large tropical
volcanic eruptions, causing warming over Europe, but other North Atlantic weather regimes have received less
attention. Here we investigate the four dominant weather regimes in the North Atlantic: The negative and
positive phase of NAO as well as the Atlantic Ridge, Scandinavian blocking. The volcanic fingerprint is detected
as a change in the frequency of occurrence and anomalies in the wind and temperature fields as well as in the sea
ice cover. We observe a strong significant increase in the frequency of Atlantic Ridge in the second year after
equatorial eruptions that precede the NAO+ detected in year 3–5 as a result of a strong zonal wind anomalies in
year 1–2. Evidence for a stronger polar vortex is detected in years 12–14 where NAO+ is detected both as a
frequency increase and in the wind and temperature fields. A short-term response is also detected 2–4 years after
NH eruptions. The longterm signal after NH eruptions indicate a weak polar vortex around a decade after an
eruption. Although the signal after NH eruptions is weaker our results stress the need for further studies. The
simulated atmospheric response recorded in ECHAM5 after volcanic eruptions suggest a more dynamic response
than previously thought. The methodology used can also be applied to other forcing scenario, for example for
future climate projections where the aim is to search for a long-term climate signal.
1. Introduction
Volcanic sulphate aerosols reaching the stratosphere after major
eruptions are well known for their impact on global climate. Sulphate
aerosols form when sulphur dioxide from an eruptive plume reacts with
water. Due to their chemical properties the aerosols scatter short-wave
radiation cooling the Earth's surface in the first 1–2 years after an
eruption, while absorbing terrestrial long-wave radiation warming the
stratosphere (Deirmendjian, 1973; Toon and Pollack, 1980). In addition
the sulphate aerosols, as well as volcanic halogens, cause ozone de-
pletion that leads to stratospheric cooling at the poles (Stenchikov
et al., 2002). Although volcanic ash falls out due to gravity within few
months it too absorbs terrestrial long-wave radiation causing a warm
layer in the stratosphere. All of the above mentioned particles cause
changes in both the horizontal and meridional atmospheric tempera-
ture gradient that can lead to changes in temperature and pressure
patterns in the troposphere (Shindell et al., 2009). This mechanism has
the potential to result in decadal influences of volcanic eruptions on the
climate system of the Earth as a result of the dynamic interactions be-
tween the atmosphere and ocean.
Volcanic impact on climate was previously thought to be limited to
1–3 years (Robock, 2000; Stenchikov et al., 2002). However, more
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recent studies have shown that radiative surface cooling due to strong
volcanic eruptions in the first years after an eruption can initiate a
dynamical climate response by influencing the Atlantic Meridional
Overturning Circulation (AMOC), that can in turn delay the recovery of
the climate system on a decadal to multi-decadal scale (Church et al.,
2005; Gleckler et al., 2006; Stenchikov et al., 2009; Otterå et al., 2010;
Zanchettin et al., 2012). Swingedouw et al. (2015) showed using both
simulations and proxy records that moderate volcanic eruptions, similar
to the Agung eruption in 1963, exhibit an important role in the
15–20 year cycle of the AMOC. The authors hypothesize that the trig-
gering mechanism between the volcanic eruptions and the AMOC is due
to an increase in sea ice cover in the Nordic Seas.
In the North Atlantic region (90°W-45°E / 30–90°N) the leading
mode of the climate system is the North Atlantic Oscillation (NAO),
defined as the first Empirical Orthogonal Function (EOF) of sea level
pressure over the Atlantic sector in winter (Hurrell, 1995). This oscil-
lating pressure system between the Icelandic Low and the Azores High
controls the strength and direction of westerly winds blowing over the
North Atlantic and Western Europe, affecting temperature and pre-
cipitation patterns in the North Atlantic (Hurrell, 1995). Although the
NAO is partly controlled by the behaviour of the stratospheric polar
vortex as a result of planetary wave formation and transportation
(Perlwitz and Graf, 1995), sea surface temperature (SST) has also been
shown to be a contributing factor (Gastineau and Frankignoul, 2015).
The NAO has two phases, the positive (NAO+) and the negative
(NAO−) phase. NAO+ is identified by stronger westerlies resulting in
warmer temperatures and more precipitation over Northern Europe and
East USA while the opposite is true for the NAO−.
Winter atmospheric variability has been investigated by Cassou
et al. (2004) where they identified four weather regimes over the North
Atlantic-European region, namely the NAO+, NAO−, a strong anti
cyclonic ridge known as the Atlantic Ridge (AtR), also known as the
East Atlantic Pattern, and a pressure dipole between Scandinavia and
Greenland known as the Scandinavian Blocking (ScB). ScB is a persis-
tent anticyclone blocking circulation that results in stagnant climate in
the area of its geographic location. Ortega et al. (2014) observed that
these four weather regimes leave a clear imprint in isotope records from
Greenland ice cores and are an important part of the climate system
over the North Atlantic. As opposed to NAO+, the NAO− and both
ridges and blocking patterns can be linked to a weaker Polar Vortex.
The role of volcanism in the phasing of NAO has been the focus of
many studies. Results have shown that large equatorial volcanic erup-
tions tend to force the winter NAO into a positive phase in the first few
years after an eruption. That is a result of planetary wave amplification
due to an increase in the equator-to-pole temperature gradient that in
turn strengthens the Polar Vortex (PV), causing a warming in Northern
Europe (Robock and Mao, 1992; Graf et al., 1994; Kodera, 1994;
Fischer et al., 2007). This was also observed in the millennial NAO
reconstructions by Ortega et al. (2015) where an increase in NAO+
emerged two years after strong volcanic eruptions. Zanchettin et al.
(2013) showed by analyzing the signature of strong tropical volcanic
eruptions in eight runs of ECHAM5-MPI/OM that an increase in the
winter (December–January- February - DJF) NAO+ signal accom-
panied by an increase in European SST suggests a warm climate event
peaking about a decade after an eruption.
Most of these earlier studies investigating the North Atlantic climate
response to volcanic forcing were focused on equatorial large volcanic
eruptions, associated with poleward spreading, and thus longer life-
time, of volcanic aerosols. The impacts of high latitude Northern
Hemisphere (NH) eruptions on atmospheric dynamics remain to be
investigated to a similar extent. High latitude winter eruptions, occur-
ring during local insolation minimum, are known to have local radia-
tive impact (Oman et al., 2005) but only little global climate impacts
(Kravitz and Robock, 2011). In climate simulations, equatorial erup-
tions and high latitude summer eruptions tend to impact most strongly
the Arctic region during winter months, involving responses in the
atmospheric and ocean circulation as well as amplifying Arctic sea ice
feedbacks Schneider et al. (2009). Pausata et al. (2015) concluded that
high latitude eruptions leave a long lasting impact in the climate system
by influencing the ocean heat content and therefore the AMOC that in
turn influences the El Niño Southern Oscillation (ENSO). However, it is
still an unresolved question what the sensitivity of the climate system is
to volcanic eruptions.
In this study, we analyze the volcanic fingerprint in the North
Atlantic atmospheric circulation winter dynamics through the simu-
lated response of the four dominant regional weather regimes (NAO+,
NAO−, ScB, AtR) as well as the temperature at 2m (T2m) and 250mb
zonal wind (u-wind) fields and sea ice cover response. For this purpose,
we use the output from six fully coupled ECHAM5/MPI-OM ensemble
runs. This includes separate analyses of the response to equatorial and
NH (high latitude) eruptions.
2. Methods
To carry out this study we use the 500mb geopotential height output
from six ensemble runs spanning 800–2000 CE. Five are from an
ECHAM5/MPI-OM fully coupled atmosphere-ocean model of the
Millennium Community Earth System Model (COSMOS) experiment
(ECHAM5-mil) described in Jungclaus et al. (2010). These five en-
semble members are referred to as mil 10, mil 12, mil 13, mil 14 and
mil 15 (no mil 11). The sixth member (ECHAM5-main) is the most
recent run carried out in 2014 also using the ECHAM5/MPI-OM, but
run with an updated solar forcing, prescribed vegetation and CO2
(Sjolte et al., 2018). In all cases the boundary conditions and forcings
for the model runs are the same except for slight changes in the ocean
initial conditions. The atmospheric component ECHAM5 is run in T31
resolution corresponding to 3.75° × 3.75° and 19 vertical levels up to
10 hPa. Thus it is a low top model that does not include the important
variability of the upper stratosphere, i.e. the Quasi Biennial Oscillation,
and as such has its limitations. The forcing of this transient model run
includes greenhouse gases, volcanic aerosols, total solar irradiance,
vegetation changes and land-use and orbital forcing (Table T1), similar
to the Last Millennium simulations performed within the Coupled
Model Inter-comparison Project CMIP5 (Schmidt et al., 2011). Ac-
cording to Crowley et al. (2008) volcanic forcing is specified as aerosol
optical depth (AOD) and effective radius (Reff) for 30–90 and 0–30
latitudinal bands on each hemisphere. The AOD is a measure of stra-
tospheric transparency to incoming solar radiation. Past AOD re-
constructions are based on a calibration of polar ice core sulphate re-
cords against satellite AOD (Crowley et al., 2008). The Total Solar
Insolation (TSI) forcing used in our simulation is similar to the Krivova
reconstruction used by Jungclaus et al. (2010) but with slightly larger
variability and a reduced modern maximum (Text S1) to better match
reconstructions from the new sunspot calibration (Krivova et al., 2007).
To identify the four main weather regimes in the NA for the period
800–2000 CE in each of the six runs we followed the same approach as
Ortega et al. (2014) where K-means clustering (Hartigan, 1975) was
applied, to each run, on the monthly mean standardized matrix of
winter months (DJF) 500mbar geopotential height (gph). The mean
value of 200 K-means clustering repetitions represents the most stable
clusters (Cassou et al., 2005) for the winter months of the 1200-year
period where the number of centroids is set to be 4 (k=4) according to
Ortega et al. (2014) and references therein. The clustering method also
assigns indices (1–4) to each month, depending on which centroid the
DJF 500mbar gph belongs to under the conditions of minimizing the
squared Euclidean distance between the different centroids and their
assigned 500mbar gph patterns. This allows for the calculation of the
frequency of each regime for a given time interval. For each run, indices
of the full 1200-year period result in a mean frequency signal serving as
an analogue of the mean North Atlantic climate state as displayed in the
weather regimes. In this study we are interested in detecting both inter-
decadal and decadal climate anomalies of volcanic origin. Therefore we
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apply the clustering method on 1200 years of winter months that in
total are 3600months for each run. We analyze a 50-year (147months)
running window in 5-year steps, i.e. the periods 800–849, 805–854. By
doing so, the mean frequency of each 50-year period can be calculated
where the 5-year step serves to capture climate anomalies within these
50-year periods. The total number of periods clustered in each run is
231. This results in a frequency signal serving as an analogue of high
frequency North Atlantic climate state for the whole model run. The
clustering method yields indices for each period clustered that are
further used to detect a volcanic signal within each weather regime by
selecting relevant volcanic winter months. This procedure is repeated
for each run and the average used for further analysis.
The volcanic analysis is divided into 11 large equatorial eruptions
and 6 high latitude eruptions (Table 1). Volcanic eruptions are selected
according to the prescribed volcanic loading for the ECHAM5 simula-
tion (Jungclaus et al., 2010; Crowley et al., 2008). Only eruptions that
have limited or no interference with other eruptions are selected, ex-
plaining the difference in the numbers of selected eruptions for NH and
low latitudes. This imbalance might influence our attempt to detect a
climate signal after NH eruptions in ECHAM5. The volcanic forcing of
the 11 selected equatorial eruptions is prescribed in all four latitude
bands except for the eruptions at 854 CE and 1641 CE that were pre-
scribed in only 30–90°N, 30–0°N and 0–30°S latitudinal bands, re-
spectively. The eruptions of Santa Maria in 1902 and Novarupta in
1912 were left out due to the number of years between the two erup-
tions being< 20. Large volcanic loading in all bands is detected in
1456 (the Kuwae volcanic event was in 1452/1453) but the duration is
unusually long and consists of multiple eruptions so it was excluded
from our analysis. The 6 selected NH high latitude eruptions are based
on eruptions with AOD>0.1 and Reff>0.4, with an effect only being
present in the northern most latitude band (30–90°N). Year 0 (DJF of
year 0) is defined as the year where the forcing has begun but the
maximum forcing has not yet been reached. For some eruptions the
forcing is not present in all three winter months in year 0, i.e. Eldgja
where Dec is without forcing (Dec of 939, Jan 940 and Feb 940). Year 1
is defined as the first winter after the maximum forcing.
We assess the effect from individual volcanic eruptions by ex-
tracting winter month time series from 2 years prior to an eruption (for
statistical reference) to 20 years after. The climate response to volcanic
eruptions may extend into longer timescales, not explored here. The
indices resulting from each of the moving clustered windows in the K-
means clustering are selected to cover the years with volcanic eruptions
used for the analysis. The equatorial analysis forms a 33×23 matrix
(DJF of 11 eruptions, 23 years) and the NH analysis 18× 23 matrix
(DJF of 6 eruptions, 23 years) where the number of each indices results
in a volcanic frequency series for each weather regime spanning
23 years. The volcanic frequency series are stacked according to
Superposed Epoch Analysis (SEA) (Chree, 1912, 1913). This is repeated
for each individual ensemble run and their mean signal used in esti-
mating the volcanic impact. To analyze the sea ice response EOF ana-
lysis was performed and the first principal component (PC) time series
was retrieved as for the weather regime analysis and stacked according
to SEA, both for equatorial and NH eruption.
2.1. Estimating statistical significance
To estimate the statistical significance of the observed annual signal,
we bootstrap the weather regime frequency series for calculation of the
95% confidence interval (c.i.) (Text S2). This estimation is done both
for NH and equatorial volcanic eruptions. To test the significance of the
volcanic frequency signal, error bars were calculated based on random
occurrence of frequency of the individual weather regimes for DJF of
800–2000 CE, similar to the approach of Zanchettin et al. (2012). The
total clustered period (1200 years) was used to select 11 winter years
randomly a 1000 times from the indices and the mean and standard
deviation used in the same way as for bootstrapped c.i, except here n is
the number of ensemble members (n=6). The peaks that go over/
under the error bars show deviation from the climate baseline and are
considered to be of volcanic origin. This was repeated for NH eruptions
(6 winter years). Calculation of statistics to estimate sea ice cover is the
same except the first PC from the EOF analysis is used.
To further estimate the significance of the modeled frequency signal
and the climate impact after volcanic eruptions, as well as gaining a
fuller insight into the performance of the model itself, the T2m anomaly
fields as well as the u-wind anomaly fields at the 250mb level were
analyzed for all significant years after both EQ and NH eruptions.
Indices from the clustering of the 500mb gph (3600 winter months)
were used to retrieve the associated T2m and u-wind average field
pattern for each regime. This was again repeated for each model run
and the average pattern calculated and used to identify the regimes that
Table 1
Selected equatorial and NH volcanic eruptions for analysis of weather regime response.
Eruption Eruption year ECHAM5 forcing start Year 0 Year of max. forcing Max AOD Max Reff
Equatorial
Unknown 854 854.01 854 854.08 0.22 0.60
Unknown 1228 1228.01 1228 1229.02 0.38 0.73
Samalas 1257 1257.09 1258 1258.05 0.70 0.89
Huyaputina 1600 1600.01 1600 1600.09 0.35 0.70
Parker 1640 1640.12 1641 1641.08 0.33 0.69
Gamokara 1673 1673.05 1673 1673.12 0.22 0.60
Banda Api 1694 1694.03 1694 1694.11 0.24 0.62
Tambora 1815 1815.04 1815 1815.12 0.47 0.78
Cosiguina 1835 1835.01 1835 1835.09 0.24 0.62
Krakatau 1883 1883.08 1884 1884.04 0.23 0.61
Agung 1963 1963.11 1964 1964.07 0.16 0.54
NH
Unknown 814 814.01 814 814.04 0.25 0.63
Vatnaöldur? 874 874.01 874 874.04 0.11 0.48
Eldgjá? 940a 940.04 940 940.08 0.16 0.54
Krísuvík? 1165 1165.07 1165 1165.10 0.14 0.51
Unknown 1585 1585.01 1585 1585.04 0.29 0.66
Laki 1783 1783.09 1783 1784.01 0.25 0.63
Equatorial volcanic eruptions are prescribed in all four latitude bands except for the eruption at 854 CE and 1641 CE that were prescribed in only three (30–90°N,
30–0°N and 0–30°S) latitudinal bands. NH volcanic eruptions are prescribed according to AOD>0.1 and Reff>0.4, with an effect only being present in the northern
most latitude band (30–90°N). Year 0 is the year prior to the maximum forcing.
a The revised timescale by Sigl et al. (2009) assigns Eldgjá to the eruption year 940 CE.
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might be present. Both the T2m and u-wind anomalies for each sig-
nificant post-volcanic year according to the clustering analysis were
calculated with respect to 15 years prior to each event. That was done
in order to remove the possible climatic trends, e.g. the little ice age,
from the years analyzed. Usually the weather regimes can be identified
visually but to strengthen such identification, both the correlation
coefficients (r and p) and the Root Mean Squared error (RMSe) between
the significant years and each of the weather regimes were calculated.
The reason why r, p and RMSe are used lies in the symmetric nature
between NAO− and NAO+ as well as ScB and AtR. Results are pro-
vided in supplementary Tables T2 and T3.
3. Results
3.1. Weather regimes in the North Atlantic: Climate baseline
The governing North Atlantic weather regimes (90W-45E/30-90 N),
AtR, ScB,
NAO− and NAO+, were identified in all six ECHAM5/MPI-OM
coupled simulations by the K-means clustering method for the full
period 800-2000 CE. Their average pattern is presented in Fig. 1. The
resulting frequency of each weather regime during the full model
period is presented in Fig. 2. The difference between ECHAM5-mil and
ECHAM5-main is mainly observed for NAO− and NAO+, especially in
1600 CE and onwards, but otherwise the trends between runs are si-
milar. The difference between ECHAM5-mil and ECHAM5-main is
mainly observed for NAO− and NAO+, especially in 1600 CE and
onwards, but otherwise the trend between runs is similar.
3.2. Volcanic analysis: Equatorial eruptions
The average stacked climatic response to equatorial eruptions (11
eruptions) calculated from all six ensemble-runs is shown in Fig. 3, left
panel. The peaks that go over/under the error bars show deviation from
the climate baseline and are thus considered to be of volcanic origin.
For AtR, a strong significant (> 95% confidence level) increase in fre-
quency in year 2 followed by an increase in the frequency of NAO+ in
year 3–5, reaching a maximum is observed in year 4. Again, AtR shows
a weak significant frequency increase in year 12 and NAO+ in year 13.
No significant signal is observed for NAO−.
Since the significance level is 95%, it is expected that one year out of
twenty becomes significant due to chance alone. In cases where two
years or more are significant, sea ice was also considered for all en-
semble runs where EOF analysis was performed and the 1st PC used.
For equatorial eruptions a sharp significant increase in sea ice cover
occurs in year 1 after an eruption that reaches a maximum in year 2,
coinciding with the AtR increase in year 2 (left panel, Fig. 3). After that,
sea ice gradually decreases until it reaches a normal state (within the
green error bars) in year 10 and onwards.
3.3. Volcanic analysis: high latitude eruptions
The stacked climatic responses to high-latitude eruptions (6 erup-
tions) are shown in Fig. 3, right panel. Again, the peaks that go over/
under the error bars show deviation from the climate baseline and are
thus considered to be of volcanic origin. Nothing of significance is
observed for AtR while a frequency decrease of ScB becomes weakly
significant in year 12. A significant NAO− frequency increase occurs in
year 15 and again in year 17 (weak increase). Then a weak significant
frequency increase is detected in for NAO+ in year 2. The 1st PC of sea
ice cover was also analyzed by method of SEA for NH eruptions.
Compared to equatorial eruptions similarities are less clear between
signal in the weather regimes and sea ice, where sea ice cover shows a
significant decrease in year 3 and 10 after an NH eruption (bottom right
panel, Fig. 3). However the signal observed in the sea ice cover in year 3
agrees with the signal detected in the NAO+ in year 2, although this
relationship is weak.
3.4. T2m and u-wind analysis
To further investigate the results from the clustering analysis,
composite T2m and u-wind fields were also analyzed where the T2m and
u-wind pattern associated with each regime (Fig. F1) was retrieved as
described in Methods. The composite fields of years 0–5 and 9–14 after
EQ eruptions, both for T2m and u-wind, that were constructed in order
to cover years of significance are shown in Figs. 4 and 5. According to
Fig. 4, upper panels, negative T2m anomalies are present over most of
the North Atlantic in years 0–3 where year 2 is assigned to NAO−
according to Table T2 (r=0.63). Positive T2m anomalies begin to
emerge in year 4 and 5 where NAO+ is assigned to both years (r=0.57
and r=0.72 respectively). The u-wind (Fig. 4, lower panels) shows a
strong increase in positive u-wind anomalies in year 1–2 where year 2 is
assigned to NAO− (r=0.61). In agreement with the T2m fields, years
4–5 are assigned to NAO+ (r=0.93 and r=0.79 respectively). In
Fig. 5, upper panels, T2m fields in years 10–11 are assigned to AtR
according to T2 (r=0.52 and r=0.64 respectively). However, the u-
wind does not agree (Fig. 5, lower panels) where years 10–12 are as-
signed to NAO+ (r=0.55, r=0.77 and r=0.67 respectively). A clear
NAO+ signal emerges in year 14 detected in both T2m and u-wind
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Fig. 1. The average winter North Atlantic weather
regime patterns identified by the clustering method
for the full period 800–2000 CE calculated for all six
runs. Colour bars represent normalised (z-score)
500mb geo-potential height for each regime. The
two upper panels show the pattern of AtR and ScB.
AtR has centres of action over Scandinavia (negative
pressure anomalies) and the Labrador Sea (positive
pressure anomalies). ScB has anticyclone circulation
located over Scandinavia (positive pressure anoma-
lies) and cyclonic circulation over Newfoundland
(negative pressure anomalies). The lower two panels
are the well-known patterns of the positive and ne-
gative phase of the North Atlantic oscillation. The
regimes are clearly identified in each run when
clustering the full period, with an exception in
mil0015 where location of centres of height in AtR
and ScB are slightly different compared to the other
runs (not shown). (For interpretation of the refer-
ences to color in this figure legend, the reader is
referred to the web version of this article.)
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The NH years analyzed have a much weaker significant signal in the
clustering analysis compared to the EQ eruptions, while a much clearer
signal emerges in the field analysis as can be observed in Figs. 6–8.
Positive T2m anomalies are present in years 0–4 over most of the North
Atlantic after NH eruptions, where year 2 and 4.
(r=0.59 and r=0.58) are assigned to NAO+, while year 3 is as-
signed to ScB (r=0.62) according to Table T3. The u-wind field (Fig. 6,


























Fig. 2. Frequency variability of NAO+ and NAO−, ScB and AtR for all ensemble runs for the full model run. Black line is the ensemble-mean for each weather
regime, red is main run, gray is run mil0010, green is run mil0012, blue is run mil0013, purple is run mil0014 and mustard is run mil0015. (For interpretation of the
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Fig. 3. Analysis of response to equatorial volcanic forcing in winter AtR, ScB, NAO−, NAO+ and 1st PC of sea ice cover 2 years prior to an eruption (year 0) to 20
years after by methods of stacking (SEA). Left panels: Equatorial volcanic analysis, Right panels: North Hemisphere volcanic analysis. Green lines are (95%) error bars
and the area between the upper and lower lines defines the mean climate based on the ensemble-mean. The blue line is the ensemble-mean of the stacked response
and grey shadings are 95% confidence interval calculated from bootstrapping. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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(r=0.65). In Fig. 7, years 10–12 are assigned to NAO− (r=0.75,
r=0.42, r= 0.83 respectively) where the u-wind agrees with the T2m
in year 10–11 (r=0.74 and r=0.47). Year 13 is assigned to NAO+ in
both T2m and u-wind (r= 0.58 and r=0.80 respectively) while year 14
is assigned to NAO−(T2m: r= 0.51, u-wind: r= 0.30). The signal
present in year 14–18 after NH eruptions is weak, where clustering
analysis and field analysis are in little agreement.
Fig. 4. Composite T2m and u-wind field anomalies 0–5 years after EQ eruptions. Anomalies are calculated with respect to 15 years prior to each eruption. Dotted
areas are significant in the 95% interval according to a Student's t-test where anomalies are calculated according to 15 years prior to each event.
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4. Clustering vs. field analysis
4.1. Equatorial eruptions
According to the T2m and u-wind field analysis (FA) the clustering
analysis (CA) method captures most of the atmospheric circulation re-
sponse after volcanic eruptions. The significant increase in the 250mb
u-wind anomaly field, indicating a strengthened Polar Vortex, over most
of the North Atlantic area in year 1–2 after EQ eruptions (Fig. 4) does
not result in a clear weather regime patterns in the T2m field of year
(a)
(b)
Fig. 5. Composite T2m and u-wind field anomalies 9–14 years after EQ eruptions. Anomalies are calculated with respect to 15 years prior to each eruption. Dotted
areas are significant in the 95% interval according to a Student's t-test where anomalies are calculated according to 15 years prior to each event.
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Fig. 6. Composite T2m and u-wind field anomalies 0–5 years after NH eruptions. Anomalies are calculated with respect to 15 years prior to each eruption. Dotted
areas are significant in the 95% interval according to a Student's t-test where anomalies are calculated according to 15 years prior to each event.
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1–2, where no evidence of NAO+ is present. Also, the AtR signal in
year 2 in the CA is not clearly detected in the FA. While the RMSe
(Table T2) is lowest between years 2–3 and AtR, the CorrCoef does not
agree where it assigns NAO− to year 2 and NAO+ to year 3 (low
CorrCoef for T2m). Thus a clear atmospheric circulation response is not
detected in the first 1–3 years after EQ eruptions. Keeping in mind the
nature of the clustering method (see Methods) and the average cluster
fields in Fig. 1, the strong AtR frequency signal in year 2 could be a
Fig. 7. Composite T2m and u-wind field anomalies 8–13 years after NH eruptions. Anomalies are calculated with respect to 15 years prior to each eruption. Dotted
areas are significant in the 95% interval according to a Student's t-test where anomalies are calculated according to 15 years prior to each event.
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Fig. 8. Composite T2m and u-wind field anomalies 14–18 years after NH eruptions. Anomalies are calculated with respect to 15 years prior to each eruption. Dotted
areas are significant in the 95% interval according to a Student's t-test where anomalies are calculated according to 15 years prior to each event.
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mixture of both AtR and NAO−. However since it is significant at the
95% level, it supports a signal of volcanic origin. According to years
4–5, an NAO+ pattern emerges in the T2m and u-wind fields according
to a CorrCoef r=0.57 (T2m) and r=0.93 (u-wind) for year 4 and
r=0.72 (T2m) and r=0.79 (u-wind) for year 5, agreeing with the NAO
+ frequency increase in 3–5 in the CA. The T2m response show nega-
tive anomalies over most of the North Atlantic in years 0–5, agreeing
with the sea ice analysis. In years 12 and 14 (Fig. 5) a clear NAO+
pattern, especially for year 14, occurs in the T2m and u-wind fields that
is consistent with a CorrCoef r=0.92 and r=0.83 for T2m and u-wind
respectively. In the CA, a slight significant NAO+ increase is detected
in year 12 that, along with FA, indicates a stronger Polar Vortex
12–14 years after equatorial eruptions.
4.2. North hemisphere eruptions
The response in the CA after NH eruptions is much weaker com-
pared with the response after EQ eruptions. However, the T2m and u-
wind anomalies both result in a NAO+− like signal in year 2 according
to T3 as well as the CA where a weak increase in the frequency of NAO
+ is detected in year 2. A warming in the T2m field is present in the
Nordic Sea in year 3–4 (Fig. 6), similar to the EQ response. Further-
more, we see a significant decrease of sea ice in year 3 that is consistent
with the detected warming in the Nordic sea according to the T2m field.
However, the results of the FA are not clearly linked to the long-term
atmospheric response. Although NAO− is present in the fields in years
10 and 14 (Figs. 7 and 8) and in the CA in year 15 (Fig. 3), further
studies are needed to confirm a link between these observations. Sea ice
cover decrease in year 10 agrees with the T2m fields in years 8–11
where a warming in the Nordic sea is detected in year 8, 9 and 11 and
Baffin bay in year 10. None of the parameters studied agrees on the
signal present in year 14–18 after NH eruptions.
The CA captures most of the short and long-term atmospheric cir-
culation response although the nature of the clustering method might
result in a false and/or mixed signal compared to the strong AtR fre-
quency increase in year 2 for EQ eruptions. Although the response
detected in the CA after NH eruptions is weaker compared to EQ
eruptions, the signal that is present agrees well with that detected in the
FA, both the short and long-term atmospheric circulation response.
5. Discussion
We detect a significant increase in AtR frequency in year 2 in the CA
(Fig. 3, left panel). This pattern is not commonly associated as a re-
sponse in circulation to EQ volcanic eruptions, and we investigate this
further in the FA. Negative T2m anomalies are present in years 1–3
(Fig. 4), where year 2 shows strong similarities to NAO− (Table T2).
Considering the 1200-year average T2m fields associated with AtR and
NAO− (Fig. F1), they both show negative anomalies over the Nordic
Sea. That, along with the surface cooling detected in T2m in years 1–3,
indicates that AtR and NAO− detected in year 2 in both CA and FA
respectively emerge as a result of this surface cooling. However, since
the FA does not agree with the CA despite the strong AtR frequency
increase in year 2, the case of a false and/or mixed signal cannot be
ruled out. We do detect a clear and robust NAO+ signal in years 3–5 in
both the CA (Fig. 3, left panel) and FA (Fig. 4) as a result of a Polar
Vortex strengthening in the first 2 years after EQ eruptions. According
to previous studies NAO+ would be expected in year 1–2 but surface
conditions are not able to lead to NAO+, since NAO+ is related to
winter warming (Graf et al., 1994; Robock and Mao, 1992; Kodera,
1994). In other words we present evidences where surface cooling,
emerging as AtR and NAO− in year 2 in CA and FA respectively,
dominates the atmospheric circulation response to EQ eruptions in the
first 1–2 years after volcanic eruptions in ECHAM5. This indicates that
the surface cooling as a result of EQ volcanic eruptions could be over-
estimated in ECHAM5, as it was shown for the CMIP5 model ensemble
in Driscoll et al. (2012). After the direct aerosol effect has decreased
1–3 years after EQ eruptions, a robust NAO+ is detected in years 3–5 in
both CA and FA that suggests dynamic ocean-atmosphere coupling
(Cayan, 1992; Delworth and Zeng, 2016).
Strong significant increase in sea ice cover is detected for EQ
eruptions reaching a maximum in year 2 and lasting well into the 10th
year after an eruption (Fig. 3, left panel). This sea ice cover increase is
possibly also linked to radiative cooling during summer, which is be-
yond the scope of this paper. Both the NAO+ and sea ice cover increase
is in agreement with Zanchettin et al. (2012) where the same model
(MPI-ESM) is used but a different statistical approach is applied to
detect the impact of volcanic forcing. In their study they detected
anomalous heat fluxes in the Barents Sea around a decade after volcanic
eruptions due to strong AMOC-driven northward oceanic heat transport
and NAO−related modifications of the sub polar gyre structure that is
referred to as delayed winter warming. As would be expected this is in
agreement with our results, although we detect a signal in years 12–14
but Zanchettin et al. (2012) 2 years earlier. This difference can be as-
signed to the different methodologies used. A weak NAO+ frequency
increase is observed in year 13 (Fig. 3, left panel), and NAO+ pattern in
both the T2m and u-wind is present in years 12 and 14 (Fig. 4). This
atmospheric circulation response occurs as soon as the sea ice cover has
reached a pre-volcanic state (curve within the green error bars) in year
13–14 (Fig. 3). Also, in a study by Mahajan et al. (2011), the AMOC
index and Arctic sea-ice extent were found to be anti-correlated
(r=−0.4). Although we are not directly analyzing the AMOC circu-
lation, this anti correlation offers a link between the sea ice cover de-
crease detected in year 13–14 and the following NAO+ in years 12 and
14 in both CA and FA (Figs. 3 and 55 respectively) that would agree
with the strong AMOC-driven northward oceanic heat transport de-
tected in Zanchettin et al. (2012).
A significant frequency signal is detected in all weather regimes
except AtR after NH eruptions (Fig. 3, right panel). However the CA
signal is weak compared to the signal after equatorial eruptions, pos-
sibly because selected NH eruptions are too few in order to isolate a
clear climate signal from the climatological noise. We propose that the
expected mechanism after NH eruptions is a weakening of the Polar
Vortex in the first 1–2 years after NH eruptions due to warming in the
stratospheric high latitudes, thereby decreasing the equator-to-pole
gradient. Our results show a decrease in sea ice cover in year 3 (Fig. 3,
right panel), after NH eruptions. This coincides with a weak frequency
increase in NAO+ in year 2 that is also consistent with a NAO+ pattern
in the T2m and u-wind in year 2 (T2m: r=0.59, u-wind: r=0.65) co-
inciding with a clear warming in the Nordic seas in year 1–4 (Fig. 6).
This is counter intuitive to what we expect since an increase in sea ice is
linked to NAO+ as seen after EQ eruptions. A decrease in Arctic sea ice
cover has been linked to a weakened Polar Vortex (Kim et al., 2014),
thereby favoring blocking events that give rise to meridional winds and
occasional northward heat transport. This we do observe in year 10
where the sea ice cover is significantly lower while NAO− is present in
both the T2m and u-wind, showing a warming over West Greenland and
the Baffin Bay area (Fig. 7). However, the CA does not detect anything
in year 10 although a weak ScB increase and NAO− decrease is ob-
served in year 12. In Year 17 an NAO− pattern emerges in the FA
(Fig. 8), compared with year 15 in the CA (Fig. 3, right panel), in both
the T2m and u-wind fields that coincide with a slight increase in sea ice
in year 17. A decrease in sea ice, especially east off Greenland
(Magnusdottir et al., 2004), is known to cause NAO− response possibly
explaining the delayed NAO− frequency increase in year 15 but the
causality for such a long-term response after NH eruptions is vague and
a more detailed model evaluation regarding this mechanism would be
needed. The clear surface temperature response in the first 2–4 years
(Fig. 6) does indicate that the ocean heat transport is responsible for
such long-term memory as for the EQ eruptions but more detailed
model and in situ studies are needed to confirm such.
Since planetary wave formation depends i.e. on meridional
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temperature gradient, equatorial eruptions tend to influence their for-
mation more strongly compared to NH eruptions, as our results also
suggests. Although NH eruptions are more dependent on the season of
the eruption, they can in theory influence the meridional temperature
gradient in the stratosphere. This should result in a weakened Polar
Vortex in the first 1–2 years, as we propose, but our results are not clear
since the sea ice cover decrease seen in our analysis is in support of such
a weakening (Fig. 3, right panel), but the anomalies we see in T2m and
u-wind are not (Fig. 6). Our results indicate that NH eruptions are not
only recorded in the short-term memory of the climate system, but the
long-term memory as well through the T2m anomaly response that is
transported via North Atlantic gyre circulation. Furthermore, our re-
sults suggest an opposite decadal response after high and low latitude
eruptions where NAO+ emerges 12–14 years after EQ eruptions and
NAO− emerges 10 years after NH eruptions. The mechanism behind
such a long-term response after both EQ and NH volcanic eruptions is
considered to lie within the AMOC (Slawinska and Robock, 2018;
Pausata et al., 2015). Frankignoul et al. (2013) investigated different
AMOC regimes and their effect on the atmospheric circulation varia-
bility. There they found that during AMOC intensification the regime
referred to as the red-noise regime (strong multi-decadal variability) of
the AMOC causes a northward shift of the Gulf Stream/North Atlantic
Current and tends to lead to a positive NAO during winter. The oscil-
latory regime however (regular and strong decadal variability) causes a
southward shift of the Gulf Stream/North Atlantic Current during
AMOC intensification that results in an upper-ocean heat content
anomaly proceeded by a negative NAO. Such a mechanism might be
responsible, where EQ eruptions impact the red noise regime of the
AMOC leading to the known northward ocean heat transport and NAO
+ while NH eruptions impact the oscillatory regime of the AMOC
causing a southward shift in ocean heat transport and therefore NAO−.
This stresses the importance of the meridional heat transport in the
decadal response to both NH and EQ eruptions as well as the need for
investigating this mechanism in detail in future studies, e.g. by the
approach of Yang et al. (2015). Given that the version of ECHAM5 is a
low-top model (lower stratosphere, 10 hPa) and thus does not capture
fully the stratospheric dynamics, it will likely influence our results by
dampening the observed signal.
6. Conclusions
Our investigations of the response of simulated 500mb gph weather
regimes in the North Atlantic by the use of K-means clustering method,
the sea ice cover response and T2m and u-wind field anomaly analysis to
volcanic forcing are complementary to each other, where both equa-
torial and NH volcanic response has been identified in all four weather
regimes. We present evidence where surface cooling dominates the
atmospheric circulation, emerging as AtR and NAO−, in the first
1–2 years after EQ eruptions. However, due to the nature of the clus-
tering method, the AtR signal might also be a mixture of both AtR and
NAO− and therefore further studies are needed to explain this possible
mechanism. In year 3–5 a robust NAO+ signal emerges as a result of
ocean-atmosphere coupling. We hypothesize that the decadal response
in years 12–14 is mainly due to AMOC strengthening and northward
oceanic heat transport as a result of the slow decadal sea ice decrease
that reaches a pre-volcanic state in years 13–14, where AMOC releases
thermal energy from the ocean up into the atmosphere resulting in an
NAO+ response.
NH high latitude eruptions do leave a weaker but significant short-
term regional atmospheric circulation response in the first years after
an eruption. This result is consistently seen in the clustering and both
the T2m and u-wind field analysis as well as sea ice cover. A weakening
of the Polar Vortex is not clearly detected in the first 1–2 years after NH
eruptions, although expected due to the warming in the stratospheric
high latitudes. In our analysis we do not see clear evidence of a sig-
nificant long-term dynamic regional climate signal after NH eruption,
but the signal that is present, i.e. in year 10, show evidences of a Polar
Vortex weakening due to of southward oceanic heat transport. This
emphasizes the need for a detailed study of the impact of NH eruption
on the regional climate system.
Ocean circulation transporting thermal anomalies provides a key
explanation in the observed memory in the climate system after both
equatorial and NH eruptions. The response in the first 1–3 years after
equatorial eruptions demonstrates a clear link between temperature,
sea ice cover and atmospheric response in the North Atlantic region
whereas we show evidence that the decadal response is more domi-
nated by AMOC intensification due to sea ice cover decrease. Although
the decadal response after EQ eruptions is much stronger, the NAO−
signal present in the FA and the sea ice cover decrease in year 10 after
NH eruptions indicates that the AMOC plays a role as well. However,
further investigations are needed to understand the mechanisms of
different atmospheric circulation responses to EQ and NH eruptions.
Our CA methodology has proven to be efficient to capture both low and
high frequency atmospheric circulation variability. Furthermore, it can
be useful in analyzing long time series and/or model outputs where the
aim is to probe for long-term climate signal on a decadal to centennial
scale. It can also be applied to climate projections in order to decipher
respective influences of volcanic as well as anthropogenic forcing on
the regional atmospheric circulation, especially regarding the sensi-
tivity of the Arctic region during its potential future warming.
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